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Genetic factors are known to significantly contribute to the
etiology of psychiatric diseases such as attention deficit hyper-
activity disorder (ADHD) and autism spectrum and bipolar dis-
orders, but the underlying molecular processes remain largely
elusive. The dopamine transporter (DAT) has received contin-
uous attention as a potential risk factor for psychiatric disease,
as it is critical for dopamine homeostasis and serves as principal
target for ADHD medications. Constrain metrics for the DAT-
encoding gene, solute carrier family 6 member 3 (SLC6A3), indi-
cate that missense mutations are under strong negative selec-
tion, pointing to pathophysiological outcomes when DAT
function is compromised. Here, we systematically characterized
six rare genetic variants of DAT (I312F, T356M, D421N, A559V,
E602G, and R615C) identified in patients with neuropsychiatric
disorders. We evaluated dopamine uptake and ligand interac-
tions, along with ion coordination and electrophysiological
properties, to elucidate functional phenotypes, and applied
Zn2� exposure and a substituted cysteine–accessibility ap-
proach to identify shared structural changes. Three variants
(I312F, T356M, and D421N) exhibited impaired dopamine
uptake associated with changes in ligand binding, ion coordina-
tion, and distinct conformational disturbances. Remarkably, we
found that all three variants displayed gain-of-function elec-
trophysiological phenotypes. I312F mediated an increased
uncoupled anion conductance previously suggested to modu-
late neuronal excitability. T356M and D421N both mediated a
cocaine-sensitive leakage of cations, which for T356M was
potentiated by Zn2�, concurrent with partial functional rescue.
Collectively, our findings support that gain of disruptive func-
tions due to missense mutations in SLC6A3 may be key to under-
standing how dopaminergic dyshomeostasis arises in heterozy-
gous carriers.

A substantial proportion of the disease etiology of common
psychiatric disorders, such as attention deficit hyperactivity
disorder (ADHD),3 autism spectrum disorders (ASD), bipolar
disorder, and schizophrenia, is attributed to genetic compo-
nents (1). The underlying neurobiological mechanisms are not
clear, but dopamine disturbances are believed to constitute a
central component (2–7). The allelic spectrum of these dop-
amine-related disorders is rapidly expanding and includes both
common variants and rare structural or exonic mutations,
including de novo variants (1, 8 –12). Moreover, an interesting
overlap in the genetic architecture of psychiatric disorders has
been observed, and this pleiotrophy is seen for both common
and rare variants (13–18). Despite progress, much of the
genetic component remains unaccounted for, and we also have
the challenge ahead of translating most of the comprehensive
genetic information into an understanding of underlying bio-
logical processes and subsequently into clinically applicable
knowledge. Rare variants may provide a unique handle for
obtaining new disease insights as they are expected to have
stronger effect sizes than typical common variants, which may
facilitate the identification of cellular phenotypes (76).

The dopamine transporter (DAT), encoded by SLC6A3,
mediates dopamine reuptake through a Na�-dependent active
transport mechanism and thereby exerts spatiotemporal regu-
lation of extracellular dopamine and ensures sufficient intracel-
lular dopamine stores (19, 20). DAT has been the focus of many
genetic studies of psychiatric disorders, not only because of its
essential role in dopaminergic neurotransmission, but also
because DAT serves as an important target for prescriptive
medicines, such as methylphenidate and amphetamines that
are used in treatment of ADHD symptoms (21). Several studies
have found associations between common genetic variants of
SLC6A3 and increased risk of psychiatric disease, but deduction
of their biological implications is largely elusive (22–24). Dur-
ing recent years, a number of rare exonic DAT variants have
been identified in patients suffering from diverse neuropsychi-
atric and/or neurodevelopmental disorders (25–31). The nega-
tive health consequences of genetic changes in DAT are
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strongly supported by the constrain metrics reported in the
comprehensive EXaC database, where DAT is classified as
“loss-of-function-intolerant” and is reported to be missense
constrained (32), indicating that mutations affecting aspects of
DAT function are under considerable negative selection.

Six rare coding variants of DAT, identified in patients with
psychiatric diagnoses are as follows: I312F, D421N, T356M,
A559V, E602G, and R615C (25–29, 31). Despite being individ-
ually rare, the study of genetic variants with potentially large
effect sizes could provide a strong tool for elucidating disease-
relevant phenotypes that may pertain to more general disease
etiologies (33). Indeed, many of the coding variants have been
reported to have altered function or regulation (25, 28, 29, 31,
34, 35), but a systematic comparison of the coding DAT vari-
ants associated with psychiatric disease is lacking. Because obli-
gate carriers of loss-of-function mutations do not appear to be
predisposed to psychiatric disease (36, 37), key questions are
whether and how coding variants in psychiatric patients
may impose pathophysiological disturbances, and whether
the variants share structural or functional changes. Here,
our findings reveal novel aberrant phenotypes for several
rare, disease-associated coding DAT variants and identify
changes in transporter ion conductances as a potential com-
mon mechanism through which functional variants may
cause dopaminergic dyshomeostasis.

Results

Functional impact of rare coding DAT variants correlates with
allele frequency and conservation

To achieve detailed comparative knowledge about structural
and functional changes in DAT, imposed by disease-associated
mutations, we systematically analyzed the six coding variants,
I312F, T356M, D421N, A559V, E602G, and R615C, identified
in patients with diverse psychiatric disorders (25–29). I312F
and T356M are located near the substrate and ion-binding sites
in transmembrane domains (TM) 6 and 7, respectively. D421N
is positioned in TM8 directly within the second sodium-bind-
ing site, whereas A559V is found near the beginning of TM12.
Finally, E602G and R615C localize to the intracellular C-termi-
nal tail of DAT (Fig. 1A). The variants’ frequencies from refer-
ence databases are listed in Fig. 1B, along with index patient’s
diagnosis, sequence conservation of the affected residues, and
the mutation’s predicted functional impact from PolyPhen-2
scores (38). A559V and E602G were the first disease-associated
coding DAT variants to be identified (26). Both variants are
among the most frequently occurring missense variants in
SLC6A3 (32) and are predicted by their PolyPhen-2 scores (38)
to have low probability of damaging effects (Fig. 1B). In con-
trast, the I312F, T356M, D421N, and R615C variants are either
extremely rare (T356M and R615C) or singletons (I312F and

Figure 1. Occurrence, cross-species conservation, and functional assessment of disease-associated coding DAT variants. A, schematic representation
of DAT illustrating the position of six coding DAT variants, identified in patients with psychiatric disease. B, for each coding variant the table lists the following:
index patient’s diagnosis; cross-species sequence conservation of the affected residues; the variant’s reported frequencies in reference databases; and the
mutations predicted probability of having damaging impact on DAT function from PolyPhen-2 scores. C, direct functional evaluation of [3H]dopamine
saturation uptake with indicated dopamine concentrations into transiently transfected COS-7 cells. Dopamine uptake curves are presented as average curves
(mean � S.E.) of three experiments, each performed in triplicate and normalized to the fitted Vmax of DAT WT. BP, bipolar disorder; EOP, early-onset parkin-
sonism; MAF, minor allele frequency.
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D421N), and they all affect conserved residues with predicted
high probability of damaging outcome on DAT function
(Fig. 1B).

To compare the variants’ PolyPhen-2 scores with direct
functional measures, we performed [3H]dopamine uptake
and [3H]CFT-binding experiments on transiently trans-
fected COS-7 cells. Three of the six variants (I312F, T356M,
and D421N) displayed functional impairments (Fig. 1C and
Table 1). Both I312F and T356M showed reduced uptake
capacity (�50 and �40% of DAT WT, respectively), consistent
with previous findings (25, 29). These reductions in uptake
capacity were accompanied by significant but small reductions
in apparent dopamine affinities (Km � 2.0 � 0.2 �M for I312F
and 2.2 � 0.6 �M for T356M versus 0.84 � 0.1 �M for DAT WT,
see Fig. 1C and Table 1). D421N displayed, as reported previ-
ously (25), a markedly disruptive phenotype, evident as a linear
uptake curve that could not be reliably fitted by Michaelis-
Menten kinetics (Fig. 1C, and Table 1). The uptake impair-
ments of T356M and D421N were associated with pronounced
(�50-fold) affinity losses for the high-affinity cocaine analogue,
CFT, whereas the variants’ maximal binding capacities were
significantly higher than for DAT WT. Thus, the compromised
functionality of these variants does not appear to be explained
by a reduced number of binding sites (Table 1). Consistent with
our previous findings (25), we did not observe any changes in
[3H]CFT binding for the I312F variant, implying that the I312F
mutation impairs substrate translocation rather than substrate
binding. The A559V and E602G variants showed no differences
in uptake kinetic parameters compared with DAT WT, as also
reported elsewhere (34, 39). The uptake kinetics of R615C were
also similar to DAT WT, even though the PolyPhen-2 score
predicted damaging effects of the mutation. In line with the
unaltered dopamine uptake by A559V, E602G, and R615C,
these variants also had [3H]CFT-binding properties that were
similar to those of DAT WT, suggesting that both ligand bind-
ing and substrate translocation is preserved for these variants
(Fig. 1 and Table 1).

Differential binding of psychostimulants to DAT-coding
variants

ADHD, and ADHD symptoms occurring comorbidly with
other psychiatric diseases, are often effectively treated with psy-
chostimulant drugs, such as methylphenidate (e.g. Ritalin) or
amphetamines (e.g. Aderall). We evaluated the ability of these

drugs, alongside the classical DAT blocker cocaine, to inhibit
dopamine uptake in transiently transfected COS-7 cells, ex-
pressing DAT WT or a disease-associated variant. Interest-
ingly, the IC50 values of methylphenidate and cocaine, both of
which act as blockers of DAT, were significantly smaller for
I312F than for DAT WT (�3- and �2.5-fold lower for methyl-
phenidate and cocaine, respectively. See Fig. 2). By contrast
amphetamine, serving as a DAT substrate, had a 5-fold lower
apparent affinity for I312F than for DAT WT (Fig. 2 and Table
2). Note that we also observed a similar loss in the apparent
affinity of dopamine to I312F (Table 1). For T356M, all three
ligands showed significantly lower inhibitory potency than for
DAT WT, but the apparent affinity loss was particularly pro-
nounced for blockers (IC50 values for T356M were �7-,
�40-, and �150-fold higher than for DAT WT for amphet-
amine, cocaine, and methylphenidate, respectively, Fig. 2
and Table 2). We did not observe any differences in ligand
IC50 values for A559V, E602G, and R615C, and we could not
obtain reliable IC50 values for D421N, because of a very low
uptake signal.

Ion binding is perturbed in functionally impaired DAT variants

Efficient reuptake of dopamine via DAT depends on co-
transport of sodium and chloride with a predicted stoichiome-
try of 1DA:2Na�:1Cl� (19, 40). We evaluated the ion depen-
dence of dopamine transport for the transporter variants by
carrying out dopamine uptake measurements under increasing
Cl� or Na� concentrations, using sodium gluconate and cho-
line chloride for equimolar ion substitutions (Fig. 3 and Table
3). The functionally impaired variants, i.e. I312F, T356M, and
D421N, all showed distinct changes in ion-binding properties.
I312F displayed a 4-fold reduction in apparent sodium affinity
(136 � 44 mM versus 29.1 � 1.6 mM for DAT WT), accompa-
nied by an even larger loss of apparent chloride affinity (Kd �
221 � 38 mM versus 31.5 � 1.6 mM for DAT WT) (Fig. 3 and
Table 3). The T356M variant demonstrated impaired sodium
binding (Kd � 145 � 64 mM versus 29.1 � 1.6 mM for DAT WT),
whereas the apparent chloride affinity was not significantly dif-
ferent from that of DAT WT (Fig. 3 and Table 3). Finally,
D421N showed not only disrupted sodium binding, as reported
previously (25), but also produced an almost linear chloride
dependence curve, suggesting that the chloride coordination is
equally compromised at physiological sodium concentrations.
The A559V, E602G, and R615C variants, which localize to

Table 1
Kinetic parameters of [3H]dopamine uptake and [3H]CFT competition binding
Vmax and Km values from [3H]dopamine uptake experiments were obtained by fitting data to Michaelis-Menten kinetics. CFT Ki values were calculated from pIC50 values,
determined by nonlinear regression analysis of [3H]CFT/CFT competition binding curves. Mean Ki values with S.E. intervals were calculated from the mean pKi � S.E.
I312F, T356M, and D421N show significant impairments in uptake kinetic parameters. T356M and D421N also have dramatically lower CFT binding affinity and significant
increases in Bmax. A559V, E602G, and R615C display uptake and binding properties similar to DAT WT. Data are mean � S.E., n � 3, and all experiments were performed
in triplicates. *, p � 0.05; **, p � 0.01; ***, p � 0.001, one-way ANOVA with Dunnett’s multiple comparisons test.

Km dopamine, mean
� S.E.

Vmax dopamine, mean
� S.E. (% WT)

KiCFT, mean
(nM) (S.E. interval)

Bmax CFT mean �
S.E. (% of WT)

�M

WT 0.84 � 0.1 100 � 14 7.80 (6.3, 9.3) 100 � 15
I312F 2.0 � 0.2* 50.5 � 6.0* 5.53 (5.16, 5.90) 86.0 � 7.1
T356M 2.2 � 0.6* 41.85 � 5.8** 298 (230, 390)*** 197 � 11***
D421N �10 	 WT Not fitted 338 (267, 426)*** 154 � 16***
A559V 0.80 � 0.09 104 � 11 8.54 (7.6, 9.6) 106 � 11
E602G 0.93 � 0.05 99.3 � 13 6.92 (6.2, 7.7) 82.1 � 3.7
R615C 0.75 � 0.02 102 � 16 7.29 (6.2, 8.5) 89.7 � 11
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regions outside the substrate and ion-binding sites, obtained
ion affinity estimates that were practically indistinguishable
from WT (Fig. 3 and Table 3).

Functionally impaired variants display “gain-of-function”
electrophysiological properties

The ion-binding sites in DAT have been shown to be
intimately related to transporter conductances (41). We
applied two-electrode voltage-clamp measurements in Xeno-
pus oocytes to elucidate possible changes in the conductance
properties of the three loss-of-function variants: I312F, T356M,
and D421N, and we compared them with conductances in the
DAT WT and the A559V variant, which does not show reduced
dopamine uptake but has been reported to mediate an anoma-
lous constitutive dopamine efflux (34, 35). DAT is known to
mediate three ion conductances: a stoichiometric current aris-
ing from the excess transport of positive changes upon dop-
amine translocation, a substrate-activated uncoupled anion
conductance, and a cation leak current that is blocked by DAT
ligands (40, 42, 43). We first evaluated dopamine-induced cur-
rents, defined here as INaCl, DA � INaCl, at different membrane
potentials. As expected (40, 42), DAT WT mediated an
inwardly rectifying current at negative membrane potentials,
and a similar current was observed for both I312F and A559V
(Fig. 4). T356M and seemingly also D421N, however, elicited a
striking outward current at negative potentials when perfused
with dopamine (Fig. 4). A likely explanation is that dopamine
blocks a tonic inward leak conductance, thereby eliciting an
apparent outward current in these mutants, although the alter-
native explanation that dopamine elicits an outward leak can-
not be excluded.

To dissect out potential changes in the substrate-activated
uncoupled anion current, we substituted extracellular chloride
with the more permeable anion, thiocyanate (SCN), and again
recorded dopamine-induced currents (42). As expected, chlo-
ride substitution with SCN generated a negative shift in current
through DAT WT, leading to a reversal potential around �40
mV (42). The observed reversal potential upon SCN substitu-
tion was strikingly more negative for I312F than for DAT WT
(approximately �60 mV for I312F versus approximately �40
mV for WT), and the I312F variant also mediated a larger out-
ward ion flux at positive membrane potentials (Fig. 4A).
Together, these findings suggest that I312F possesses increased
anion permeability (42). For T356M, SCN shifted the dop-
amine-activated aberrant outward current toward more hyper-
polarized potentials, resulting in an associated change in rever-
sal potential from approximately �20 to �60 mV and a small
inward current at potentials above �60 mV. In contrast, sub-
stitution with SCN led to a remarkable increase in the dop-
amine-associated outward current through D421N at negative
membrane potentials, without parallel changes in reversal
potential (Fig. 4A). Of note, we did not observe differences in
dopamine-induced currents through A559V compared with
DAT WT, neither in NaCl nor NaSCN.

To uncover putative changes in leak conductances, we
assessed cocaine-sensitive currents (Icontrol � Icocaine). The
steady-state leak current through DAT WT was barely detect-
able in NaCl, as reported elsewhere (40, 44), but increased dra-
matically upon sodium substitution to the more permeable lith-
ium ion (Fig. 4B). The I312F and A559V variants did not differ
from DAT WT in their leak conductance properties (Fig. 4B).

Figure 2. Functionally impaired DAT variants display alterations in psy-
chostimulant interactions. Competition [3H]dopamine uptake curves with
indicated concentrations of amphetamine (A), methylphenidate (B), or
cocaine (C), carried out on transiently transfected COS-7 cells expressing DAT
WT or a coding DAT variant. Curves are presented as means � S.E. of three
experiments, each normalized to control without inhibitor present. I312F
shows decreased apparent amphetamine affinity but significantly increased
apparent affinity for methylphenidate and cocaine (see Table 2). T356M dis-
plays a loss of apparent affinity for all three DAT ligands, though particularly
pronounced for methylphenidate and cocaine. The dopamine uptake medi-
ated by D421N was too low to allow meaningful data fitting.

Table 2
IC50 values for amphetamine, methylphenidate, and cocaine
pIC50 values were derived from competition [3H]dopamine uptake curves from
transiently transfected COS-7 cells expressing DAT WT or a coding DAT variant by
nonlinear regression analysis. Meaningful fitting of data from D421N was not pos-
sible because of very low specific signals. Analyses for statistical differences were
performed on the pIC50 values, and mean pIC50 � S.E. were used to calculate the
IC50 values and S.E. interval. **, p � 0.01; ***, p � 0.001; ****, p � 0.0001. One-way
ANOVA of pIC50 values with Dunnett’s multiple comparisons test. ND means not
determined.

Amphetamine
IC50 (�M)

(S.E. interval)

Methylphenidate
IC50 (nM)

(S.E. interval)

Cocaine
IC50(nM)

(S.E. interval)

WT 1.03 (0.98, 1.1) 29.0 (26, 33) 122 (110, 140)
I312F 5.26 (5.0, 5.5)**** 11.3 (8.6, 14)** 51.0 (48, 54)***
T356M 6.73 (6.1, 7.4)**** 4420 (3700, 5300)**** 5350 (4400, 6400)****
D421N ND ND ND
A559V 0.86 (0.85, 0.87) 29.2 (26, 33) 139 (130, 150)
E602G 1.16 (1.0, 1.3) 35.6 (35, 37) 108 (98, 120)
R615C 0.77 (0.60, 1.0) 34.0 (29, 40) 110 (100, 120)
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T356M, however, displayed an apparently larger, but still small,
cocaine-sensitive leak current at hyperpolarizing potentials in
NaCl. Surprisingly, this leak current through T356M was not
increased when sodium was replaced by lithium (Fig. 4B). As
reported recently (25), D421N also showed dramatic changes in
its leak conductance, evident as a large leak current in NaCl,
which was similar to the leak current in LiCl both regarding size
and reversal potential (Fig. 4B). Collectively, we find that the
functionally impaired DAT variants display distinct and sub-
stantial alterations in their ion-binding properties and trans-
porter-mediated currents.

Functionally impaired coding variants show altered
regulation by Zn2� and distinct conformational changes

Changes in substrate- and ion-binding properties are likely
to associate with alterations in the conformational equilibrium,
because efficient dopamine translocation rely on ordered bind-
ing and release of substrate and ions to induce conformational

changes. The extracellular face of DAT has been shown to con-
tain a Zn2�-binding site, through which Zn2� and other tran-
sition metals such as Cu2� and Ni2� can exert allosteric mod-
ulation of DAT function (45–47). Regulation of DAT by Zn2�

has been proposed to involve a Zn2�-dependent bias toward
the outward-facing conformation of DAT, and Zn2� responses
have therefore been applied to elucidate conformational
changes (46, 48 –51). Moreover, Zn2� modulation of DAT
function may serve physiological functions, as Zn2� is packaged
into synaptic vesicles by Zn2� transporters and released as a
cotransmitter upon synaptic transmission (52). Accordingly,
we investigated the Zn2�-dependent regulation of dopamine
uptake by the disease-associated DAT variants, in the presence
of increasing Zn2� concentrations. The variants without com-
promised dopamine uptake or ion binding i.e. A559V, G602E,
and R615C, showed, as expected, a Zn2�-dependent inhibition
of uptake, similar to that obtained for DAT WT (Fig. 5A). In
marked contrast, the transport function of T356M was poten-
tiated by Zn2�, in agreement with recent findings (53), whereas
I312F demonstrated an interesting increase in Zn2� sensitivity
(Fig. 5A). We also observed a tendency toward increased Zn2�

sensitivity for D421N, but the low uptake by D421N only pro-
vided a very small specific signal, and the Zn2� response did not
reach a significant difference from DAT WT (Fig. 5A) (25, 54).

To obtain more insight into putative conformational altera-
tions within I312F, T356M, and D421N, we undertook a sub-
stituted cysteine accessibility approach, where the membrane-
impermeable and cysteine-reactive compound, MTSET, is
used to probe the accessibility to cysteine-engineered con-
structs (48, 55). We also evaluated the A559V variant that has
been associated with anomalous dopamine efflux, but other-
wise shows transport properties similar to DAT WT. We first
introduced I312F, T356M, D421N, and A559V (34), into a

Figure 3. Ion binding is compromised in functionally impaired DAT variants. Sodium dependence (A) and chloride dependence (B) of [3H]dopamine
uptake are shown. Choline chloride and sodium gluconate were used for equimolar cation and anion substitution, respectively. I312F, T356M, and D421N all
show distinct changes in ion coordination. The derived Kd values for Na� and Cl� are listed in Table 3. All curves are normalized and presented as mean � S.E.
from three (all variants) or six (WT) experiments, each performed in triplicate.

Table 3
Kd values for sodium and chloride
Kd values were derived by nonlinear regression analysis of Na� and Cl� dose–
response curves, obtained by measuring [3H]dopamine uptake into transiently
transfected COS-7 cells during equimolar titration of 200 mM NaCl against choline
chloride and sodium gluconate (final Na� and Cl� concentrations of 200, 130, 80,
40, 20, 10, 5, and 0 mM). *, p � 0.05; ***, p � 0.001. One-way ANOVA with Dunnett’s
multiple comparisons test (n � 3 for variants and n � 6 for DAT WT, with triplicate
determinations). Kd values for D421N could not be reliably fitted, because of the
linear nature of the ion dependency curves.

Na� Kd (mM), mean
� S.E.

Cl� Kd (mM), mean
� S.E.

WT 29.1 � 1.2 31.5 � 1.6
I312F 136 � 44* 221 � 38***
T356M 145 � 64* 71.6 � 16
D421N �WT �WT
A559V 25.7 � 0.56 30.2 � 5.8
E602G 31.5 � 0.97 27.8 � 2.3
R615C 31.2 � 0.41 32.6 � 3.7
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MTSET-insensitive background construct (DAT-E2C) (48), in
which two endogenous cysteines has been removed (C90A and
C306A). We confirmed that the variants did not alter the
MTSET insensitivity of DAT-E2C (Fig. S1). Next, we intro-
duced a cysteine at position 159, which allows MTSET to react
with 159C when DAT adopts the outward conformation and
thereby inhibits dopamine uptake (48). Evaluation of basal
MTSET accessibility showed that E2C–I159C/T356M was sig-
nificantly more sensitive to MTSET than E2C–I159C–DAT
WT (residual dopamine uptake was 61 � 4% for E2C–I159C–
DAT WT versus 41 � 3% for E2C–I159C/T356M, p � 0.01, Fig.
5B), suggesting that the conformational equilibrium of E2C–
I159C/T356M is shifted toward the outward-facing state, mak-
ing it more accessible for MTSET. In contrast, the E2C–I159C/
D421N mutant showed an attenuated MTSET response (77 �
6% residual uptake versus �61 � 4% for E2C–I159C–DAT WT
p � 0.01, Fig. 5B), consistent with a stabilized inward-facing
conformation. Despite extensive efforts, we did not obtain spe-
cific dopamine uptake from E2C–I159C/I312F even in the
absence of MTSET, indicating a synergistic disruptive effect of
the I312F mutation in combination with I159C. The A559V
mutant showed no changes in MTSET sensitivity compared
with DAT WT, in agreement with the unaltered Zn2� response.

To directly assess the structural effects that Zn2� imposes on
the different disease-associated variants, we evaluated MTSET
accessibility following treatment with 10 �M Zn2�. As ex-
pected, Zn2� increased the MTSET-dependent inhibition of
DAT WT and A559V by �60%, compared with vehicle (Fig.
5C), consistent with a conformational shift in favor of the out-
ward conformational state (48). Remarkably, Zn2� produced
even larger MTSET-dependent inhibition of dopamine uptake
for both T356M (�80%) and D421N (�75%) even though these

variants display opposite conformational preferences in the
absence of Zn2�.

The molecular mechanisms underlying Zn2�-dependent
rescue of T356M function are highly interesting and could pro-
vide important insight into molecular mechanisms of allosteric
activators of DAT, which has been suggested to hold therapeu-
tic potential (47, 53). To further elucidate the Zn2�-imposed
changes in T356M function, we performed electrophysiological
recordings on Xenopus oocytes expressing T356M or DAT WT
in the presence or absence of Zn2�. Trace recordings of volt-
age-clamped oocytes showed that dopamine indeed elicits an
aberrant outward current through T356M (Fig. 6A), as also
indicated from the I-V curve of coupled currents (Fig. 4). Inter-
estingly, subsequent perfusion with 10 �M Zn2� established a
large inward current through T356M, whereas DAT WT
responded with a reduction in the inward current established
by dopamine, conceivably reflecting substrate washout. This
Zn2�-activated current through T356M was also observed
without prior dopamine stimulation (Fig. 6A). Saturating con-
centrations of cocaine (100 �M) returned the steady-state current
to baseline levels for DAT WT, while we observed a relative out-
ward current for T356M that was similar in size to that observed
for dopamine, supporting that both cocaine and dopamine inhibit
an inward leak at negative potentials (see also Fig. 4).

We next explored the nature of the Zn2�-induced current
(IZn

2� � Icontrol) through T356M by analysis of current-voltage
relations with ion substitutions. The I-V plots revealed that in
the case of T356M, Zn2� induced an inward current at negative
potentials with a reversal potential around �5 mV (Fig. 6B).
Replacing sodium with choline generated a clear left shift in
reversal potential of this Zn2�-activated current (reversal
potential � ��30 mV), whereas chloride substitution for glu-

Figure 4. Functionally impaired DAT variants display gain-of-function electrophysiological properties. A, dopamine-induced currents through indi-
cated DAT variants. I/V recordings were made in NaCl, and in NaSCN to isolate the uncoupled anion conductance. For I312F, Cl� substitution to SCN generates
a greater left-shift in reversal potential and a larger outward current at positive potentials, compared with DAT WT, which is consistent with an enhanced
uncoupled anion conductance. T356M and seemingly also D421N conduct an aberrant dopamine-associated outward current at negative potentials, which is
markedly enhanced in NaSCN for D421N. B, leak conductances were evaluated by recording cocaine-sensitive currents (Icontrol � Icocaine) in NaCl and LiCl. Both
T356M and D421N show enhanced leak conductances in NaCl. For D421N, the leak conductance in NaCl is similar in size and reversal potential to the leak
current in LiCl. In contrast, Na� substitution for Li� completely abolishes the leak current through T356M, in marked contrast to DAT WT. All curves presented
in A and B are mean � S.E. from 4 to 11 experiments.
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conate changed the size of the current with only a minor left
shift in the reversal potential to approximately �10 mV (Fig.
6B). These data suggest that the Zn2�-dependent current
through T356M is carried, at least in part, by sodium and that it
can be modulated by chloride.

To ensure that all Zn2�-mediated currents were carried by
DAT, we investigated the nature of the putative T356M leak
current in the absence and presence of Zn2� by analyzing
cocaine subtracted I-V plots (IZn

2� � Icocaine). Although we did
see an inward leak for T356M at negative potentials (�60 mV)
in the absence of Zn2�, it was too small to reliably assess the
consequence of ion substitution (Fig. 6C). In the presence of

Zn2�, however, we observed a large current that was similar to
that seen for IZn

2� � Icontrol with a reversal potential of approx-
imately �10 mV. Importantly, ion substitutions revealed the
same pattern with a left shift in reversal potential upon sodium
substitution and reduced current without a prominent change
in reversal potential upon chloride substitution (Fig. 6).

Figure 5. Conformational changes imposed by disease-associated vari-
ants. Conformational changes in disease-associated DAT variants were eval-
uated in transiently transfected COS-7 cells by assessing Zn2� responses and
MTSET accessibility. A, [3H]dopamine (DA) uptake was performed for 10 min
(room temperature) in the presence of indicated Zn2� concentrations. Data
are presented as mean � S.E. from three experiments, each performed in
triplicates and normalized to uptake in the absence of Zn2�. *, p � 0.05; **,
p � 0.01; ****, p � 0.0001, multiple t test with Holm-Sidak correction for
multiple comparisons. B, MTSET accessibility assessed by treating COS-7 cells,
expressing the indicated cysteine-engineered constructs, with vehicle or 0.5
mM MTSET prior to performing [3H]dopamine uptake. MTSET accessibility is
reported as the MTSET-induced inhibition of uptake (in % of vehicle). E2C–
I159C/T356M is more sensitive to MTSET than E2C–I159C–DAT WT, whereas
E2C–I159C/D421N is protected from MTSET-induced inactivation. We could
not obtain specific dopamine uptake from E2C–I159C/I312F even in absence
of MTSET. C, Zn2�-imposed conformational changes in the variants were eval-
uated from MTSET-dependent inactivation of [3H]dopamine uptake follow-
ing a 5-min treatment with 10 �M Zn2� versus vehicle. Zn2� increased MTSET
accessibility for both E2C–I159C–DAT WT and coding variants, but the Zn2�-
dependent increase in MTSET accessibility was significantly larger for E2C–
I159C/T356M and E2C–I159C/D421N than for E2C–I159C–DAT WT. *, p � 0.05;
**, p � 0.01 (n � 5–9, one-way ANOVA with Dunnett’s post hoc test).

Figure 6. Zn2� establishes a cation leak current through DAT T356M. A,
trace recordings of voltage-clamped oocytes (at �60 mV), expressing DAT
WT or T356M, following gravity perfusion with vehicle, 100 �M dopamine
(DA), 10 �M Zn2�, and 100 �M cocaine (COC) (top panel) or with vehicle, 10 �M

Zn2�, and 100 �M cocaine (bottom panel). Unlike DAT WT, T356M mediates an
outward current in response to dopamine and cocaine, whereas Zn2� gener-
ates a large inward current through T356M, which is observed both with and
without prior stimulation with dopamine. Data are presented as representa-
tive traces. B, I-V recordings assessing the ion dependence of Zn2�-induced
currents (IZn

2� � Iwash) through T356M. ChCl generates a clear left shift in
reversal potential of the Zn2�-activated current through T356M, whereas
sodium gluconate changes the size of the current, indicative of a chloride-
modulated cation current. Data are presented as average curves (mean �
S.E.) of 4 – 8 experiments. C, I-V recordings assessing the ion dependence of
cocaine-sensitive currents (I � Icocaine) through DAT WT and T356M, in the
absence (top panels) and presence (bottom panels) of Zn2�. The Zn2�-induced
currents (IZn

2� � Icocaine) through T356M are sensitive to cocaine, and ion
substitutions confirm that the current is carried, at least in part, by sodium
and modulated by chloride. Data are presented as average curves (mean �
S.E.) of 4 – 8 experiments.
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Discussion

Genetic variations that affect DAT function hold great
potential to change dopaminergic homeostasis by disturbing
the termination of dopamine signaling and the synthesis-inde-
pendent supply of dopamine for vesicular storage (56, 57). Con-
sistently, SLC6A3, encoding DAT, has been a long-standing
candidate gene in psychiatric diseases, such as bipolar disorder,
schizophrenia, and ADHD (22, 58 – 60), but the reported effect
sizes of associated common variants are small, as for most other
genes, and this challenges deduction of potential disease-rele-
vant biological processes. Rare variants have been found to
account for a significant component of the genetic architecture
of several psychiatric disorders, and the association signal for
both common and rare variants appears to be enriched in muta-
tion-intolerant genes (1, 61– 64). Indeed, DAT is classified
as both loss-of-function-intolerant and missense-constrained
(32). Here, we approached an understanding of DAT dysfunc-
tion in psychiatric disease from a rare variant perspective by
performing a systematic characterization of six DAT missense
variants, identified in patients suffering from psychiatric dis-
eases (26 –29).

We generally observed that PolyPhen-2 scores (38) correctly
predicted functional deficits in dopamine uptake and that the
variants’ functional phenotypes correlated, at least to some
extent, with their minor allele frequency. Accordingly, the
extremely rare variants, I312F, T356M, and D421N, also had
severe impairments in uptake kinetic parameters, whereas the
most frequently occurring variants, A559V and E602E, medi-
ated dopamine uptake comparable with DAT WT. The R615C
variant, however, although extremely rare and predicted to
have a high probability of damaging effects, did not display
functional impairments in our hands. Of notice, the original
characterization of R615C reported a significant reduction in
dopamine uptake capacity in a stably transfected flip-in HEK-
293 cell line (28). This difference in expression system may
explain the discrepancy between the observed functional
impact of R615C, as C-terminal mutations in DAT have been
reported to be highly dependent on the model system (65).

The detrimental effects of mutations in DAT, however, may
not arise only from impairments in dopamine uptake, but
potentially also through gain of disruptive functions. For
instance, the A559V variant, which was first identified in a
patient with bipolar disorder and subsequently in both patients
with ADHD and ASD (26, 27, 31), has been found to exhibit
so-called anomalous dopamine efflux (ADE), i.e. a constitutive
leak of cytoplasmic dopamine via DAT (34). Remarkably, the
T356M and D421N variants also mediate ADE (25, 29), sup-
porting that this phenomenon may have pathological implica-
tions. Of notice, neither I312F nor R615C mediate ADE (25,
28), and although we are not aware of any studies assessing ADE
via E602G, one might expect that this variant shows WT-like
properties as well, based on its localization in the C-terminal
tail, where the R615C variant is also located. Thus, ADE is not a
shared feature for all the disease-associated variants, but nev-
ertheless, it is a remarkable gain-of-function phenotype that
apparently can arise from very different mutations. Impor-
tantly, A559V knockin mice were recently found to display both

behavioral and functional alteration, supporting a significant
impact of ADE in vivo (66). Therefore, it is also highly interest-
ing that the R615C variant has been found to undergo dysregu-
lated trafficking with enhanced constitutive internalization and
altered microdomain distribution (28, 67). This finding further
supports that the potential pathological impact of altered DAT
function is not necessarily recapitulated in direct assessment of
dopamine uptake and that there might be facets of DAT func-
tion that require a native context to uncover. Our data suggest
that changes in DAT ion conductances could be an underap-
preciated molecular mechanism through which a functionally
impaired rare variant can perturb dopamine homeostasis.
Additionally, our findings suggest that the structural and func-
tional changes are unique to each transporter variant, as further
discussed below.

The I312F variant was identified in a patient with ADHD and
early-onset parkinsonism, who also carried the D421N muta-
tion (25). We found that I312F has �50% residual uptake
capacity without changes in Bmax, confirming previous data
(25). Interestingly, we also found that I312F displays lower
apparent affinity for substrates (dopamine and AMPH),
whereas methylphenidate and cocaine, which are blockers
rather than substrates, had significantly higher apparent affin-
ity for I312F, compared with DAT WT. These data hint that the
I312F mutation may compromise the catalytic activity by favor-
ing the outward open state, which concomitantly might facili-
tate the interaction with inhibitors (21, 68 –70). This is sup-
ported by the observation that I312F also exhibited increased
sensitivity to Zn2�, which stabilizes the outward conformation
of DAT as well (21). Unfortunately, direct assessment of
MTSET accessibility to a cysteine-engineered I312F construct
could not be conducted, as introducing the MTSET-reactive
cysteine (I159C) abolished all transport activity in the I312F
E2C background construct. Assessment of the ion dependence
of dopamine uptake and characterization of electrophysiologi-
cal properties for I312F furthermore uncovered an �7-fold
reduction in apparent chloride affinity and a remarkably larger
substrate-induced current in NaSCN, consistent with an
enhanced uncoupled anion conductance. Importantly, the
uncoupled anion current through DAT WT has been suggested
previously to regulate tonic activity of dopaminergic neurons
(42). It is therefore intriguing to speculate that the I312F muta-
tion not only compromises dopamine homeostasis through
impaired catalytic efficiency, but also mediates a “disruptive
function” through a larger uncoupled anion conductance that
potentially influences the neuronal excitability.

The D421N variant, localized in the Na2 site, was identified
together with the I312F variant and presumably arose from a de
novo mutation (25). Our characterization of D421N showed a
dramatic reduction in dopamine uptake capacity and a marked
loss in apparent affinity for both substrates and inhibitors of
DAT, consistent with previous findings (25). Moreover, D421N
did not only exhibit impairments in sodium binding (25), but
also a marked loss in apparent chloride affinity at physiological
sodium concentrations, supporting a functional coupling
between the Na2 site and the chloride-binding site (41). Of
notice, sodium and chloride have been found to mutually
increase the binding affinity of one another in the serotonin
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transporter (71). Hence, it is possible that this loss of apparent
chloride affinity is a secondary consequence of the apparent
sodium affinity loss, which becomes obscured, as the experi-
ment cannot be carried out under saturating sodium concen-
trations. As observed for I312F, the marked changes in ion
coordination by D421N were associated with altered electro-
physiological properties. D421N mediated a large constitutive
leak current in NaCl, which was similar in size and reversal
potential to the leak current recorded in LiCl. Ion substitution
experiments have found that this leak current is carried in part
by sodium and modulated by chloride (25, 41). Our I/V record-
ings furthermore showed a small outward current at negative
potentials in the presence of dopamine, as opposed to the
inward current recorded for DAT WT. Because dopamine is
known to block the constitutive cation leak current in DAT WT
(40), this aberrant outward current through D421N likely
reflects that the cation leak current is relatively larger than the
substrate-induced inward current. The alternative possibility is
that dopamine elicits an outward conductance that is distinct
from the leak current and carried by K� and/or Cl�. However,
a large contribution from these ions to the current observed at
hyperpolarized potentials seems unlikely.

Interestingly, the dopamine-evoked outward current
through D421N became markedly larger when chloride was
substituted for the more permeable thiocyanate, presumably
reflecting that thiocyanate increases the cation leak current
through D421N (41). The dramatic functional changes that we
observed for D421N were accompanied by reduced MTSET
accessibility, consistent with a conformational shift toward the
inward-facing state. This aligns with the general understanding
that weakening of the Na2 site promotes the inward-facing
transporter conformation (54, 72). Even though Zn2� ef-
fectively promoted a shift in conformational equilibrium
toward the outward-facing state, we did not observe a Zn2�-de-
pendent activation of D421N, as reported for some inward-
facing mutants (49). Collectively, the present data support that
the D421N mutation compromises both sodium- and chloride-
binding properties, which likely underlie a conformational
change toward an inward-facing conformation, as well as
impaired ligand-binding properties. Moreover, the transporter
gains a large dissipating cation leak current that could be envi-
sioned to influence the excitability of dopaminergic neurons, as
suggested for the uncoupled anion conductance (42). Aside
from the functional impairments assessed in this study, D421N
also mediates ADE (25), which likely imposes further dopamin-
ergic dyshomeostasis and provides further support for the
importance of gain-of-function phenotypes.

The T356M variant, in TM7, was identified as the first DAT
de novo mutation in a patient suffering from autism spectrum
disorder and was shown to demonstrate impaired dopamine
uptake and cocaine-sensitive ADE (29, 73). We also observed a
reduction in uptake capacity for T356M of �60%, along with
lower (2–5-fold) apparent affinities for substrates, i.e. dop-
amine and AMPH. Interestingly, methylphenidate and cocaine
had EC50 values that were �150-fold, respectively, �40-fold
higher for T356M than for DAT WT, suggesting that Thr-356
might be particularly important for inhibitor binding. Our
assessment of ion coordination furthermore uncovered that

compromised sodium, but not chloride, binding may be under-
lying the functional impairment of T356M. Although T356M
had around 40% residual uptake capacity, current-voltage
recordings of dopamine-induced conductances identified a net
outward current at negative membrane potentials, rather than
the expected inward current seen for DAT WT. As for D421N,
this outward current might reflect inhibition of a constitutive
leak current by dopamine. I/V recordings in the presence of
cocaine indeed showed a larger leak current through T356M.
Voltage-clamped trace recordings furthermore uncovered that
both dopamine and cocaine promoted a net outward current
through T356M that was similar in size, supporting that the
dopamine-associated outward current is not distinct from the
cocaine-sensitive leak current, as discussed previously for
D421N. Remarkably, sodium substitution for lithium did not
enhance the leak current through T356M, as seen for DAT WT.
Instead, the leak current through T356M disappeared in LiCl,
suggesting that the cation leak permeation pathway is markedly
different from that of both DAT WT and of the disease-associ-
ated mutant D421N.

Our assessment of structural changes in T356M showed, in
agreement with recent findings (53), that Zn2� partly rescues
uptake function of T356M. A similar Zn2�-dependent potenti-
ation has been demonstrated for inward-facing DAT mutants
and has been suggested to reflect a partial restoration of the
conformational equilibrium by promoting an outward-facing
conformation (48, 49). However, our MTSET accessibility
assessment showed enhanced MTSET-dependent inactivation
of T356M, suggesting that T356M is more prone to adopt an
outward-facing conformation, as also proposed for the equiva-
lent mutation in the prokaryotic transporter, LeuT (29). We
also found that Zn2� increased MTSET accessibility signifi-
cantly more for T356M than for DAT WT, suggesting that a
larger faction of T356M adopts the outward-facing state in the
presence of Zn2�. Promotion of the outward-facing state does
not seem to define the potentiating effect of Zn2� per se,
because Zn2� elicits inhibitory effects on both DAT WT and
D421N even though the MTSET data show that they too are
stabilized in the outward conformation by Zn2�. Interestingly,
the affinity for dopamine has been reported to be inversely
related to the affinity for Zn2� (46, 47). It is possible that the loss
of apparent dopamine affinity for T356M and D421N explains
the increased ability of Zn2� to stabilize their outward confor-
mation. The unique properties of T356M in the presence of
Zn2� were further substantiated by electrophysiological
recordings showing a major Zn2�-induced inward current that,
at least in part, is carried by sodium and may represent a poten-
tiation of the cocaine-sensitive leak seen in the absence of Zn2�.
Notably, this presumed cation conductance is strikingly differ-
ent from the previously reported Zn2�-induced anion current
seen upon mutation of the intracellular gate residue, Tyr-335
(43), further underlining the distinct phenotypic properties of
the disease-associated T356M mutation.

Anomalous efflux of dopamine is a remarkable gain-of-func-
tion phenotype shared by T356M, D421N, and A559V. ADE
was first described for A559V, and it was suggested to be an
underlying mechanism through which DAT can impact the risk
of psychiatric disease (34). An interesting question is whether
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the ADE phenotype is supported by distinct common structural
changes. Our characterization of MTSET availability and
Zn2�-induced conformational changes, however, suggests that
this is not the case. By contrast, we found that the conforma-
tional equilibrium of T356M is shifted toward an outward-fac-
ing state, whereas D421N is inward-facing, and we did not find
evidence supporting structural changes for A559V. It is inter-
esting, however, that both T356M and D421N display impaired
sodium binding and mediate a cation leak current in NaCl, and
it is tempting to speculate that these common changes in elec-
trophysiological properties may be directly linked to ADE in
these functionally impaired variants.

Translation of genetic information into clinically applicable
knowledge depends in large part on the well-established
genotype–phenotype associations (74). One source of pheno-
typic variation is the distinctive effect of different mutations in
the same gene that may have diverse functional outcomes,
depending on the nature and severity of the mutation. Our
characterization shows that the functionally impaired DAT
variants all exhibited unique changes in ligand-binding proper-
ties, ion dependence, and conformational equilibrium, and
identifies aberrant ion conductances as a potential underlying
mechanism through which functionally impaired DAT variants
could exert disruptive functions.

Experimental procedures

Molecular biology and cell culturing

The QuickChange site-directed mutagenesis kit (Stratagene)
was used to introduce the mutations (I312F, T356M, D421N,
A559V, E602G, and R615C) in a pRC/CMV hDAT background.
All constructs were verified by DNA sequencing. COS-7
were grown in a 10% CO2 humidified incubator at 37 °C in
Dulbecco’s modified Eagle’s medium, supplemented with 2 mM

glutamine, 10% fetal bovine serum, and 1% penicillin/strepto-
mycin. Transient transfections were performed with Lipo-
fectamine 2000 (Invitrogen), using reagent/DNA ratio of 3:1.
Assays were conducted 48 h after transfection.

PolyPhen-2 scores

The probability that the respective amino acid substitutions
impose damaging effects on DAT function was evaluated using
the polymorphism phenotyping version 2 software available
online (38).

[3H]Dopamine uptake

Saturation dopamine uptake experiments were carried out as
described previously (25). COS-7 cells were transiently trans-
fected and seeded into polyornithine-coated 24-well plates.
Approximately 48 h after transfection, cells were washed in
uptake buffer (25 mM HEPES, 120 mM NaCl, 5 mM KCl, 1.2 mM

CaCl2, and 1.2 mM MgSO4 supplemented with 5 mM D-glucose,
1 mM ascorbic acid, and 1 �M catechol-O-methyltransferase
inhibitor Ro 41-0960, pH 7.4) and allowed to equilibrate at
room temperature for 10 min. Dopamine uptake was initiated
by adding a serial dilution row, containing a mix of 2,5,6-
[3H]dopamine (PerkinElmer Life Sciences) and unlabeled dop-
amine (Sigma) with final dopamine concentrations of 6.4, 3.2,

1.6, 0.8, 0.4, 0.2, 0.1, and 0.05 �M. Dopamine uptake was termi-
nated after 5 min (room temperature), or 10 min in the case of
D421N, by washing in ice-cold uptake buffer. Nonspecific bind-
ing was determined using mock-transfected cells.

Sodium and chloride dose-response curves were obtained by
equimolar titration of 200 mM NaCl in substitution buffer (250
mM Tris/HEPES, 50 mM potassium gluconate, 12 mM magne-
sium gluconate, 12 mM calcium gluconate, pH 7.4) against cho-
line chloride and sodium gluconate to obtain final Na� and Cl�
concentrations of 200, 130, 80, 40, 20, 10, 5, and 0 mM. These
solutions were supplemented with 5 mM D-glucose, 1 mM ascor-
bic acid, and 1 �M catechol-O-methyltransferase inhibitor.
Before initiating dopamine uptake, transfected COS-7 cells
were washed and equilibrated for 10 min in the denoted ion
buffers. [3H]Dopamine uptake was carried out for 5 min (WT,
A559V, E602G, and R615C) or 10 min for the functionally
impaired variants (I312F, T356M, and D421N), using a 6.4 �M

mixture of unlabeled dopamine and [3H]dopamine. Uptake was
terminated by washing twice in ice-cold wash buffer. Nonspe-
cific binding was determined using mock-transfected cells.

To evaluate Zn2� regulation of dopamine uptake, Zn2� was
added at the indicated concentrations 5 min before uptake was
initiated by addition of [3H]dopamine (1:200 dilution, �10 nM).
Uptake was terminated after 10 min at room temperature by
washing in ice-cold uptake buffer. Nonspecific binding was
determined in the presence of 100 �M nomifensine.

MTSET accessibility

Changes in the conformational equilibria of I312F, T356M,
D421N, and A559V were investigated in a substituted cysteine
accessibility assay, as described previously (48, 55). Briefly,
I312F, D421N, T356M, or A559V mutations were introduced
into a MTSET-insensitive construct, DAT-E2C, in which
endogenous cysteines at position Cys-90 and Cys-306 were
substituted by alanine, as well as into a DAT-E2C I159C
background, which is sensitive to inactivation by the mem-
brane-impermeable cysteine-reactive agent, MTSET, in a
conformation-dependent manner (48). Transiently transfected
COS-7 cells were washed in uptake buffer and incubated for 10
min with 0.5 mM freshly prepared MTSET or vehicle. Cells were
washed twice in uptake buffer before dopamine uptake (10 min,
room temperature with 1:200 diluted [3H]dopamine, �10 nM)
was carried out as described above. The effect of Zn2� (10 �M)
was evaluated by incubating cells 5 min with 10 �M Zn2� prior
to the MTSET treatment.

[3H]CFT binding

DAT-binding capacity and affinity were quantified by
[3H]CFT/CFT competition binding, as described previously
(25). Briefly, transiently transfected COS-7 cells, expressing
either DAT WT or one of the disease-associated mutants, were
seeded in 24 wells. Cells were washed once in ice-cold uptake
buffer. Unlabeled CFT was added in the indicated concentra-
tions, followed by addition of [3H]CFT (200-fold diluted, 76.6
Ci/mmol (PerkinElmer Life Sciences), �5 nM), after which cells
were incubated �100 min at 5 °C to allow binding equilibrium.
To terminate the assay, the cells were washed twice in ice-cold
binding buffer.
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Following all uptake and binding experiments, cells were
lysed in 1% SDS and transferred to 24-well counting plates
(PerkinElmer Life Sciences), and radioactivity was measured
with a Wallac MicroBeta� TriLux Liquid Scintillation Counter
(PerkinElmer Life Sciences).

Electrophysiology on oocytes

I-V curves and voltage-clamped trace recordings were gen-
erated as described previously (25, 41). WT hDAT or mutant
constructs were expressed in oocytes using the pFROG vector
(25, 75). Following linearization, cRNA was transcribed using
the mMESSAGEmMACHINE kit (Ambion), and defoliculated
Xenopus oocytes (Ecocide Bioscience) were injected with the
purified RNA. Oocytes were maintained in KULORI buffer (88
mM NaCl, 1 mM KCl, 1 mM MgCl2, 1 mM CaCl2, 5 mM HEPES/
Tris, pH 7.4) at 18 °C. DAT-associated currents were measured
using a conventional two-electrode voltage clamp. The oocytes
were penetrated by two micropipettes, backfilled with 2 M KCl,
and voltage-clamped using a Dagan CA-1B clamp (Dagan
Corp.). The membrane potential was measured relative to an
extracellular Ag/AgCl electrode that was connected to the
recording chamber via a 2% agarose, 2 M KCl bridge. Recordings
were digitized using Digidata 1440A (Molecular Devices) con-
trolled with pClamp 10 (Axon Instruments). I-V curves were
recorded by clamping the oocytes at potentials between �100
and �40 mV, using 20-mV incremental steps (250 ms) and
returning to a holding potential of �60 mV before each step.
For trace recordings, oocytes were voltage-clamped at �60 mV.
Recording buffers were applied by gravity perfusion, using a
standard NaCl solution (130 mM NaCl, 2.5 mM KCl, 1.8 mM

CaCl2, 1 mM MgCl2, 1 mM HEPES/Tris, pH 7.4) as reference. All
ion-substituted buffers were kept isotonic. The substrate-in-
duced current was defined as INaCl, DA � INaCl, wash, and cocaine-
sensitive currents were derived as I � Icocaine. Unless otherwise
stated, dopamine and cocaine were applied at 100 �M.

Quantification and statistics

GraphPad Prism 7.0 software (GraphPad Software, San
Diego) was applied for statistical analysis and data fitting. Sat-
uration uptake data were fitted by Michaelis-Menten kinetics
to obtain uptake kinetic parameters, Km and Vmax. Competition
uptake and binding experiments were fitted by nonlinear
regression with variable slope to derive pIC50 values. Ion depen-
dence uptake curves were fitted by a one-site–specific binding
model to determine Ki. Statistical analyses were performed on
the pIC50 values, and the mean pIC50 values and S.E. were
applied to calculate the IC50 values and S.E. interval. Unless
otherwise noted, ordinary one-way ANOVA with Dunnett’s
post test was applied to analyze for statistical significance.
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